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[11 The validation of version 2.2 (v2.2) H,O measurements from the Earth Observing
System (EOS) Microwave Limb Sounder (Aura MLS) on the Aura satellite are presented.
Results from comparisons made with Aqua Atmospheric Infrared Sounder (AIRS), Vaisala
radiosondes, frost point hygrometer, and WB57 aircraft hygrometers are presented.
Comparisons with the Aura MLS v1.5 H,0O, Goddard global modeling and assimilation
office Earth Observing System analyses (GEOS-5) are also discussed. For H,O mixing
ratios less than 500 ppmv, the MLS v2.2 has an accuracy better than 25% between 316 and
147 hPa. The precision is 65% at 316 hPa that reduces to 25% at 147 hPa. This
performance is better than expected from MLS measurement systematic error analyses.
MLS overestimates H,O for mixing ratios greater than 500 ppmv which is consistent with
a scaling error in either the calibrated or calculated MLS radiances. The validation of the
accuracy of MLS v2.2 H,O from 121 to 83 hPa which is expected to be better than 15%
cannot be confirmed at this time because of large disagreements among the hygrometers
used in the AVE campaigns. The precision of the v2.2 H,O from 121 to 83 hPa is 10-20%.
The vertical resolution is 1.5-3.5 km depending on height. The horizontal resolution is
210 x 7 km? along and perpendicular to the Aura orbit track, respectively. Relative
humidity is calculated from H,O and temperature. The precision, accuracy, and spatial

resolution are worse than for H,O.
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1. Introduction

[2] Water vapor is a key component in weather and
climate as an agent of energy transfer and a greenhouse
gas. Accurate water vapor and relative humidity measure-
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ments are needed for model testing and improvement,
weather forecasting and predicting future climate change.
This paper provides an assessment of the accuracy, preci-
sion and resolution of the version 2.2 (v2.2) Microwave
Limb Sounder(MLS) H,O and relative humidity with respect
to ice (RHi) products in the upper troposphere and lower
stratosphere (UTLS, 316—83 hPa). A similar assessment for
H,0 in the stratosphere and mesosphere (pressure less than
83 hPa) is given by Lambert et al. [2007]. We also
provide quality screening rules for using the data in
scientific studies.

[3] The paper is organized as follows: section 2 presents
the measurement method, measured precisions and estimat-
ed accuracy, section 3 is a zero-order validation of the data
set showing similar behavior with older data sets and
meteorological dynamics, section 4 gives results from
detailed coincident comparisons between MLS and other
sensors, and section 5 gives a summary of the accuracy,
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precision and spatial resolution of the v2.2 UTLS MLS
H,O0.

2. H,O and RHi Measurement
2.1. MLS Overview

[4] MLS observes thermal microwave—far infrared emis-
sion from the Earth’s atmosphere in five spectral regions.
The H,O and RHi measurements described in this paper are
retrieved from measurements of the 183 GHz H,O rotation-
al line spectrum. MLS looks forward from the Aura space-
craft and vertically scans the Earth’s limb from near the
surface to 90 km every 24.7 s. The vertical scan rate varies
with altitude with a slower scan in the troposphere and
lower stratosphere (0—27 km). The slower vertical scan
provides a spectrum every ~400 m in the troposphere and
lower stratosphere.

[5s] This paper describes the use and validation of the v2.2
H,O and RHi data. H,O is retrieved from calibrated MLS
radiance observations by the MLS data processing algo-
rithms [Livesey et al., 2006; Jarnot et al., 2006]. The Goft-
Gratch [List, 1951] function is used to compute RHi from
retrieved H,O and temperature. H,O and RHi are measured
or calculated on defined pressure and horizontal grids. The
UTLS H,O retrieval pressure grid is 316, 261, 215, 178,
147,121, 100, 83, .. .hPa, or 12 levels per decade change in
pressure (Ipd, ~1.3 km). The horizontal grid places the
profiles every 1.5° along the orbit track. The horizontal grid
is phased such that a profile coincides with the equator.
There are 240 profiles per orbit at defined but not equally
spaced latitudes. MLS retrieves slightly under 3500 H,O
and RHi profiles per day.

[6] The MLS H,O and RHi products are reported in
separate Level 2 Geophysical Product (L2GP) files for a
24 h period from midnight to midnight universal time. The
L2GP files store the data in an Hierarchical Data Format
(HDF)-EOS version 5 “swath” format with the swath name
(H20O or RHI) describing the product. The MLS Version 2.2
data quality document [Livesey, 2007] gives more informa-
tion on the file format.

2.2. Proper Use of MLS UTLS H,0 and RHi Data

[7] Each MLS level 2 data point is reported with a
corresponding precision value. These reflect the likely
contributions of radiometric noise to the data and, in regions
where measurement sensitivity is less, the contribution of a
priori information. These issues are discussed in more detail
in section 2.5. The precisions are set to negative values in
situations when the retrieved precision is larger than 50% of
the a priori precision, an indication that the data are biased
toward the a priori value.

[8] Three additional data quality metrics are provided for
each vertical profile: ““Status,” “Quality,” and “Conver-
gence.” The “Status” field is an integer indicating circum-
stances where profiles are not to be used, or may be suspect
due to instrumental and/or retrieval issues. Odd values of
“Status™ indicate profiles that should never be used. Some
nonzero, even values of “Status” occur when the retrieval
algorithm detected cloud signatures in some radiances and
chose to either ignore them or deemphasize them by
substantially increasing their precision. Another even value
is used if the Goddard global modeling and assimila-
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tion office Earth Observing System (GEOS-5) analysis
[Rienecker et al., 2007] temperature and reference geo-
potential height data are missing and the retrieval uses a
climatological profile for the a priori temperature profile.
The impact of this on MLS data varies with species and
height. More details on the “Status™ field are given by
Livesey [2007] and the meaning of their values are presented
in Table 1. The “Quality™ field is related to the goodness of
the residual between the measured and calculated radiances
(larger values imply better fits). Finally, “Convergence”
compares the fit achieved for a “chunk” of ~10 profiles to
that expected by the retrieval algorithms, larger values
imply poorer convergence. Values in the range 1.0—1.1
indicate that acceptable convergence has been achieved
for all 10 profiles. For UTLS H,O and RHi, “Convergence”
and “Quality” are tightly linked. Poor “Convergence” is
always associated with poor quality in some profiles. Since
“Quality” is specific for each profile, whereas “Conver-
gence” applies to a chunk of 10 profiles, we chose to ignore
“Convergence” and screen by “Quality”.

[v] The data quality metrics that need to be considered
when using MLS UTLS H,O and RHi data between 316
and 83 hPa, are as follows;

1. The precision value for that data point is positive.

2. The profile “Status™ for that profile is even.

3. The profile “Quality” is greater than 0.9.

Refer to Lambert et al. [2007] for pressures lower than
83 hPa.

2.3. MLS v2.2 H,O and RHi Measurements

[10] MLS measures the 183 GHz H,O rotational line
spectrum as a function of height as shown in Figure 1
(top). The spectra also show emissions from neighboring
weaker molecules, N,O, O3(v,), HNO;, ClO, O, and HCN.
Each spectrum measured by MLS is associated with a field-
of-view (FOV) pointing called tangent pressure. The tan-
gent pressure of each pointing is determined from line width
measurements of O,, 0'®0, and FOV limb scan tangent
height data as described by Schwartz et al. [2007]. The
temperature profile is retrieved simultancously with tangent
pressure. The temperature and tangent pressure measure-
ments are constrained quantities in the H,O retrieval.

[11] The 12 Ipd vertical gridding of the v2.2 H,O pre-
sented new challenges that required significant changes to
the retrieval configuration. The most significant being the
addition of vertical and horizontal regularization and dy-
namically determined a priori values and uncertainties in the
troposphere. Regularization is a profile smoothing tech-
nique, performed both horizontally and vertically, that
constrains its second derivative behavior in both dimen-
sions. It is based on the second-order Tikhonov constraint
[Livesey et al., 2006; Rodgers, 2000]. Version 2.2 utilizes a
series of initial estimate retrievals to establish the vertical
and horizontal regularization, a priori values, and uncertain-
ties. A linear multispecies retrieval [Livesey et al., 2006] is
performed on selected R2 radiances (Figure 1) having an
optical depth less than 0.4. This produces a good H,O
measurement for pressures less than 147 hPa. The regular-
ization, a priori value and uncertainty for this retrieval are
based on a zonal climatology. An estimate of H,O for
pressures greater than 316 hPa is derived from a middle
tropospheric RHi retrieval using opaque low-looking radi-
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ances. The theory of this measurement is given by Soden
and Bretherton [1993] and expanded upon for the MLS
limb viewing geometry in Text S1, section S1, in the
auxiliary material." An initial retrieval of H,O at 316,
215, and 147 hPa (standard levels used in v1.5) is done
next where H,O for pressures less than 147 hPa and greater
than 316 hPa is constrained to that from the two previous
H,O retrievals. This 316—147 hPa H,O retrieval has no
vertical or horizontal regularization and uses an appropriate
subset of R2 radiances.

[12] H,O retrieved for the three altitude ranges are joined
together and serve as the initial estimate in a multispecies
non linear retrieval. H,O, N,O, HNO3, ClO, O3, SO,, HCN,
and CH;CN are all simultaneously retrieved. H,O is re-
trieved from 316 to 10.0 "> hPa and the other molecules are
retrieved from 100 hPa to their maximum altitude which
varies by molecule. O3 and HNO; from 316 to 147 hPa are
constrained to that retrieved from the R3 (240 GHz)
radiances [Livesey et al., 2007; Santee et al., 2007] which
produces the best MLS estimate of these molecules in the
troposphere. H,O for pressures greater than 316 hPa is
constrained to that computed from the middle tropospheric
RHi retrieval. The retrieval uses selected radiances from all
the R2 bands whose limb tangent pressure is <350 hPa or in
the case of band 2 and band 23, optical depth <0.4. The a
priori profile for pressures greater than 10 hPa is the initial
estimate profile interpolated to 12 Ipd. The regularization
for pressures greater than 10 hPa constrains the more highly
sampled H,O retrieval to follow the horizontal and vertical
profile shapes of the initial H,O retrieval. The a priori
uncertainty for pressures greater than 10 hPa is the mini-
mum of six times the retrieved uncertainty for the initial
retrieved H,O or the value associated with the zonal
climatology. The a priori, a priori uncertainty, and regular-
ization for pressures less than or equal to 10 hPa are based
on a zonal climatology.

[13] Because of deficiencies in our understanding of the
instrument and/or forward model, the radiance residual of
the fit is greater than instrument noise as shown in Figure 1
(bottom). Increasing the radiance precision by 0.003 times
the radiance improves the retrieval convergence rate from
35% to 80% (“Convergence” < 1.01). This amount of
radiance precision inflation (RPI) is equivalent to 0.001 K
for a space signal to 0.75 K for a 250 K signal. This is much
less RPI than was used for v1.5 which was 0.7 K for all
radiances. The residual shows that we are fitting the
radiances to within ~2%.

[14] Other differences from v1.5 include increasing the
optical depth from 0.2 to 0.4 for band 2 radiances, using
radiances from the digital autocorrelator spectrometer
(DACS, band 23), and eliminating the temperature and
tangent pressure retrieval in this phase. Spectroscopic
changes include an increase in the H,O line strength by
0.7% and increasing H,O line width by 4%. The line
strength change corrected an error in the Jet Propulsion
Laboratory (JPL) spectral catalog [Pickett et al., 1998] and
(B. Drouin, personal communication, 2005) and the line
width value is from the cavity measurements by Meshkov

'Auxiliary materials are available in the HTML. doi:10.1029/
2007JD008752.
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Table 1. Meaning of Bits in the Status Field

Bit Value® Meaning
0 1 flag, do not use this profile (see bits 8—9 for details)
1 2 flag, this profile is “suspect” (see bits 4—6 for details)
2 4 unused
3 8 unused
4 16 information, this profile may have
been affected by high altitude clouds
5 32 information, this profile may have been
affected by low altitude clouds
6 64 information, this profile did not use
GEOS-5 temperature a priori data
7 128 unused
8 256 information, retrieval diverged or too
few radiances available for retrieval
9 512 information, the task retrieving data for

this profile crashed (typically a computer failure)

“Status field in L2GP file is total of appropriate entries.

[2006] used to determine the H,O, N,, and O, continuum
absorption.

2.4. Differences Between v2.2 and v1.5

[15] Figure 2 (left) compares v1.5 and v2.2 H,O profiles
between 10°S and 10°N for 25 January to 7 February 2005.
The tropics are chosen because of widespread interest in
using these data for tropical UTLS investigations. Version
2.2 H,0 has twice as many vertical levels below 22 hPa
than v1.5. Figure 2 (middle) shows the percent differences.
The zig-zag nature of the mean difference beginning just
below the tropopause (~100 hPa) and propagating to higher
altitudes is mostly a smoothing artifact of the relatively
coarse vertical gridding of the v1.5 H,O. Down sampling
12 Ipd data to 6 lpd using the forward model smoothing
function [Livesey et al., 2006; Read et al., 2006] introduces
these artifacts. The biases caused by the minor spectroscopic
changes to H,O are smaller (shown later).

[16] Figure 2 (right) shows the estimated single profile
precision and the standard deviation of retrievals about the
mean H,O. The benefit of using more radiances with less
RPI in v2.2 is evident as its single profile uncertainty is
comparable to or better than v1.5 in the lower stratosphere
even though the vertical resolution is better at most heights.

[17] In the absence of RPI, the measured H,O variability
is the root sum square of the H,O estimated precision and
the atmospheric variability. RPI leads to an overestimation
of the retrieved H,O precision. Version 2.2 shows agree-
ment between the estimated precision and the measured
variability in the lower stratosphere as shown in Figure 2
(right). This agreement is a near match between atmospheric
H,O variability and the additional increase in the precision
caused by the v2.2 RPI. A method of estimating the H,O
precision independently of the retrieval algorithm is to
measure the variability of closely coincident profiles on
the ascending and descending sides of the Aura orbit
[Lambert et al., 2007]. This approach requires that diurnal,
dynamical, and chemical effects are negligible over a 12 h
period. For H,O, these conditions probably apply to pres-
sures less than 100 hPa in the lower stratosphere. That
analysis shows that the estimated precision from the v2.2
MLS retrieval algorithm is overestimated by 25%. For
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